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Abstract 

The lungs are a noted predilection site of acute, latent, and reactivated cytomegalovirus (CMV) infections. Interstitial 
pneumonia is the most dreaded manifestation of CMV disease in the immunocompromised host, whereas in the 
immunocompetent host lung-infiltrating CDS T cells confine the infection in nodular inflammatory foci and prevent viral 
pathology. By using murine CMV infection as a model, we provide evidence for a critical role of mast cells (MC) in the 
recruitment of protective CDS T cells to the lungs. Systemic infection triggered degranulation selectively in infected MC. The 
viral activation of MC was associated with a wave of CC chemokine ligand 5 {CCL5) in the serum of C57BL/6 mice that was 
MC-derived as verified by infection of MC-deficient /c/f'^-5'"W-s/i "jgsh" mutants. In these mutants, CDS T cells were recruited 
less efficiently to the lungs, correlating with enhanced viral replication and delayed virus clearance. A causative role for MC 
was verified by MC reconstitution of "sash" mice restoring both, efficient CDS T-cell recruitment and infection control. These 
results reveal a novel crosstalk axis between innate and adaptive immune defense against CMV, and identify MC as a 
hitherto unconsidered player in the immune surveillance at a relevant site of CMV disease. 
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Introduction 

CMVs are dsDNA viruses of the beta-herpesvirus subfamily. 
Human CMV infection is still of major concern in clinical 
practice, in particular in immunocompromised patients in whom 
latent virus can reactivate. Specifically, symptomatic CMV 
infection after hematopoietic cell transplantation (HCT) is a 
serious complication that can cause engraftment failure and 
multiple organ disease associated with significant morbidity and 
mortality, both in clinical HCT (for reviews, see [1,2]) as well as in 
the murine CMV (mCMV) experimental model ([3,4] reviewed in 
[5]). Interstitial pneumonia is the most critical clinical manifesta- 
tion of CMV disease in patients post-HCT ([6,7,8] for a recent 
review, see [2]). In accordance with these clinical findings, the 
murine model in immunocompromised host and experimental 
HCT settings has identified the lungs as a predilection site of CMV 
in acute infection [9,10,11] as well as in CMV latency and 
reactivation [11,12,13,14]. Antiviral CDS T cells are noted as the 



main direct effector cells to control acute CMV infection following 
HCT and, accordingly, their timely reconstitution is indispensable 
for survival ([9,11,15] reviewed in [5]). 

We have previously shown in different models of mCMV 
infection, including HCT and adoptive CDS T-ceU transfer 
models as well as in the immunocompetent host, that control of 
acute pulmonary mCMV infection [1 1,16], but also of infection at 
other sites, such as in liver parenchyma [17,18], correlates with the 
formation of nodular inflammatory foci (NIF). NIF are structures 
in which effector CDS T cells selectively accumulate at infected 
tissue cells, thereby preventing further virus spread and ultimately 
clearing productive tissue infection. After depletion of CDS T cells, 
CD4 T cells still infiltrate tissues in a scattered distribution but do 
not form NIF and, accordingly, fail to control the infection ([1 1], 
reviewed in [5]). Formation of NIF was more recently also 
revealed in the lungs of mCMV-infected neonatal mice by 2- 
photon microscopy showing co-localization of infected, highly 
mCMV-susceptible pneumocytes with myeloid lineage-derived 
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Author Summary 

Being strategically located beneath endothelial and epi- 
thelial surfaces, mast cells (MC) serve as sentinels for 
invading pathogens at host-environment boundaries as 
part of the innate defense against infection. Host genetic 
resistance against cytomegaloviruses (CMV) is largely 
determined by the innate immune response, but an 
implication of MC in the adaptive immune defense against 
CMV has not been considered so far and is almost 
impossible to address in human infection. Using murine 
CMV as a model that in the past has already pioneered the 
discovery of fundamental principles in CMV-host interac- 
tions, our data reveal MC as central part of a novel 
crosstalk-axis between the innate and adaptive immune 
response to CMV. We found that upon host infection MC 
become rapidly activated and promote the recruitment of 
protective CDS T cells to the lungs, a noted critical site of 
CMV pathogenesis in humans as well as in the mouse 
model. Enhanced tissue infiltration of CDS T cells results in 
a reduced peak viral load and a faster clearance of 
productive infection. Realizing the importance of MC in the 
control of pulmonary CMV infection may help to develop 
new strategies for preventing CMV pneumonia by MC 
supplementation in recipients of hematopoietic cell 
transplantation. 



antigen-presenting cells (APC) and T cells, followed by their 
disruption and clearance of the infection [19]. It was proposed that 
T-cell priming/ stimulation and proliferation also take place in NIF 
[19]. In this context, importantly, NIF formation was found to 
depend on the expression of the cognate antigen by the infected 
tissue cells [20] . Specifically, after transfer of effector CDS T cells 
specific for the lEl epitope YPHFMPTNL of mCMV [21] into 
immunocompromised mice, protective NIF were formed in 
recipient mice infected with wUdtype (WT) or revertant viruses 
encoding the authentic lEl peptide but not in recipient mice 
infected with an "antigenicity loss" mutant virus coding for the 
IE 1 -Ala analog YPHFMPTNA [22] that is not generated as a 
peptide by antigen processing in the first place and, in addition, 
replacement of C-terminal residues of antigenic peptides with 
alanine strongly reduces the binding affinity to the presenting 
MHC class I molecule ([23,24], reviewed in [25]). 

Previous work has identified endothelial cells (EC), interstitial 
fibroblasts, and pneumocytes of the alveolar epithelium as target 
cells of acute mCMV infection in the lungs [9,18,26]. Thus, in 
order to form NIF and exert a protective function within lung 
interstitium and parenchyma, antiviral CDS T cells must leave the 
vascular compartment by transit through vascular endothelium 
into extravascular compartments. As shown previously by Galkina 
and colleagues [27], even under conditions of a noninflamed 
pulmonary interstitium, effector CDS T cells preferentially egress 
from the pulmonary vascular compartment into pulmonary 
interstitium in a two-step process involving leucocyte function 
antigen- 1 (LFA-l)-dependent retention within lung vasculature 
followed by extravasation driven in part by CC-chemokine ligand 
5 (CCL5), also known as RANTES [28]. MC-derived CC- 
chemokine receptor hgands, including CCL5, were also reported 
to induce migration of a subset of human natural killer T (NKT) 
cells in vitro in chemotaxis assays [29]. As shown by toll-like 
receptor (TLR)3 ligation with poly I;C, activated mast cells secrete 
CCL5 and can recruit effector CDS T cells from lymphoid tissues 
to noii-lymphoid compartments, into the peritoneal cavity in the 
reported case [30]. 



MC reside in all vascularized tissues and can be found primarily 
in close proximity to vessels and nerves as well as beneath 
endothelial and epithelial surfaces. The ability of MC to act as tiie 
immune system's "loaded gun" [31] is based on the rapid release 
of potent proinflammatory and antimicrobial mediators. Some of 
these mediators are already stored in secretory granules and their 
release on demand relies on the expression of a variety of receptors 
that allow the stimulation of MC independently of the canonical 
MC receptor IgE. The receptor repertoire includes numerous 
pattern recognition receptors encompassing most TLR, including 
TLR3 and TLR9 [32,33,34]. 

Based on MC being noted producers of CCL5, we pursued the 
idea that MC might possibly play a role in the recruitment of 
protective antiviral CDS T cells to mCMV-infected lungs. To the 
best of our knowledge, there exist no functional data on MC 
activation by CMVs in vivo not to mention data on a role MC 
might play in the immune control of CMV infections in vivo. To 
investigate a potential implication of MC in T-cell recruitment 
with a focus on pulmonary infection, we applied the experimental 
mCMV model for comparing the antiviral immune response in 
the lungs of MC-deficient Tri"'''"'"' '* (briefly Kit^'''' or "sash") 
mice [35,36,37] and in MC-sufiicient congenic WT C57BL/6 
mice as well as in MC-reconstituted "sash" mutants. 

Using a green fluorescent protein (GFP)-mCMV reporter virus 
[38], we show here that mCMV infects MC in vivo and triggers 
degranulation selectively of GFP-expressing infected MC, but not 
of GFP-negative uninfected MC . This finding implies a contribu- 
tion of direct virus-MC interaction is required for MC degranu- 
lation, and that viraUy induced cytokines derived from third party 
target cells of infection are either not involved or not sufficient. 
Importantly, MC activation by mCMV induced a serum wave of 
MC-derived CCL5, associated with CDS T-cell infiltration of lung 
tissue and only low-level virus replication. Conversely, shortage of 
CCL5 in the serum of infected MC-deficient "sash" mutants was 
associated with reduced CDS T-ceU recruitment and consequently 
elevated virus replication and delayed clearance of productive 
infection. 

These findings thus identily a novel crosstalk axis between 
innate and adaptive immune defense in the immune surveillance 
of CMV infection with a translational perspective for use of MC 
supplementation in T ceU-based immunotherapy of CMV disease. 

Results 

Lung-infiltrating CDS T cells form NIF in lung 
parenchyma for controlling infection 

The formation of NIF as microanatomical sites of infection 
confinement in tissues has originally been described for BALB/c 
(H-2^ haplotype) mice (see the Introduction), in which the 
infection at most sites, except persistent infection of salivary 
glands, is controlled primarily by CDS T cells ([39]; for a review, 
see [40]). Unlike BALB/c mice, which do not express the 
activatory natural killer (NK) cell receptor Ly49H, early control 
of mCMV replication in mice of C57BL/6 (H-2'' haplotype) 
background, particularly in the spleen, is mediated by NK cells 
through ligation of Ly49H with a virally encoded major 
histocompatibihty (MHC) class I-like ligand (MHC-Iv) ml 57 
[41,42]. These findings are sometimes misinterpreted to mean that 
CDS T cells play generally no role in C57BL/6 infection models. 
However, even though the strong early ml57-Ly49H activated 
NK-cell response inhibits an early CDS T-cell response [43], virus 
replication at times later than day 3-4 after intravenous infection 
of immunocompetent C57B1/6 mice is controlled also by CDS T 
cells, even in the spleen [43]. 
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To directly address this issue with special emphasis on the 
immune control of virus replication in the lungs at a time beyond 
the early-stage NK-cell response, we tested the contribution of 
lung-infiltrating T cells to the later-stage antiviral control on day 
6 after intravenous infection of immunocompetent, adult 
C57BL/6 mice. Direct imaging of lung tissue by 2-color 
immunohistology, with staining of CD3e on T cells in red color 
and viral immediate-early 1 (lEl) protein in the nuclei of infected 
cells in black, shows a t}'pical NIF located in the alveolar 
epithelium (Fig. lA). Obviously, red-stained T cells are not 
randomly distributed but accumulate selectively in a NIF and 
literally enwrap an infected cell, most likely a pneumocyte, to 
seclude it from neighboring cells for preventing virus spread. 
Notably, bronchiolar epithelium is spared from infection, and 
thus also from focal T-cell infiltration. 

We were then interested in defining the subset composition of 
the tissue-infiltrating CD3^ T cells as well as of non-T cells. In the 
representative example shown (Fig. IB), cytofluorometric analysis 
of single-cell preparations of coUagenase-digested lung tissue 
revealed ca. 1/3 of the cells are 003"*^ cells, amongst which CDS 
T cells predominate by far, with only ca. 20% CD4 T cells and a 
very minor population of CD3^CD4 CDS cells supposed to 
comprise NKT and y/S T cells. Gating on CD3~ cells followed 
by analysis of CD 19 expression on B cells and of the pan- 
leucocyte marker CD45 gave the important information that cell 
preparations from the lungs can contain substantial numbers of 
CD45 cells, that is cells not belonging to hematopoietic lineages. 
Thus, these cells are not lung-infiltrating leucocytes but lung 
tissue cells, a finding that calls for a routine pre-gating on CD45^ 
cells in all further analyses of lung-infiltrating leucocyte subpop- 
ulations. Amongst the CD45'^ cells, ca. 50% were B cells. The 
remaining CD3 CD45^CD19 population includes myeloid 
lineage cells, such as macrophages and dendritic cells, as well 
as NK cells. Regarding the discussion on the contribution of NK 
cells to antiviral control in the C57BL/6 model, we were most 
interested in quantifying NK cells, supposed to be enriched in the 
CD3 CD45^CD19 lung leucocyte population. Unexpectedly, 
we did not find a noticeable number of CD335'^ (NKp46) NK 
cells [44] (Fig. IB), while these cells represent an easily detectable, 
distinct population in the spleen (data not shown). 

Having demonstrated that CDS T cells predominate in the 
lung-infiltrating CD 3^ population, their contribution to the control 
of the infection was verified by quantitating infectious virus in the 
lungs, and in spleen and salivary glands for comparison, 
dependent upon presence or absence of CDS T cells (Fig. IC). 
Depletion of CDS T cells significantly enhanced virus replication 
in lungs and spleen. As expected, the impact of CDS T-cell 
depletion was low for virus load in the salivary glands on day 6, as 
virus replication in salivary glands is known to be at that time 
redundantly controlled also by NKLl"*" NK cells, so that only 
combined depletion of NKl.T NK cells and CDS T cells elevates 
virus titers [43]. Based on virtual absence of NK cells in the lungs 
(Fig. IB), we did not predict a major influence of ml57-activated 
Ly49ir'" NK cells at a more advanced stage of the infection. 
Indeed, on day 14, virus titers in the lungs were the same for 
C57BL/6 mice infected intravenously with WT virus or mutant 
virus delisted for the ml,T7 gene [4.5] (Fig. SI). By the time of 
analysis, productive infection was cleared in the spleen for both 
viruses, whereas productive infection persisted in the salivary 
glands on a level strongly influenced by presence or absence of NK 
cell activation through ml57-Ly49H (Fig. SI). 

Altogether, this set of data has confirmed a major role for CDS 
T cells in the control of pulmonary mCMV infection in the 
C57BL/6 model of an immunocompetent host. 



Activated CDS T cells leave the vascular compartment 
and transit into the alveolar epithelium of the lungs 

By using a short intravenous pulse of fluorochrome-conjugated 
anti-CDSa antibody for intravascular staining of CDS T cells [27], 
recent work has indicated that most effector and memory CDS T 
cells recovered after perfusion from digested lung tissue, more than 
90% in some contexts, actually do not localize to lung parenchyma 
but are retained in the narrow capillary network associated with 
the alveoli [46]. This method, however, is critically based on the 
condition that the endothelium of pulmonary capUlaries is 
impermeable for the fluorochrome-conjugated antibody used for 
intravascular staining. This condition is not fulfilled for acute 
mCMV as well as human CMV infections, as these cytopatho- 
genic viruses infect endothelial cells [47] and cause capillary 
leakiness, which, in the immunocompromised host, can develop 
into a "capillary leak syndrome" as one clinical manifestation of 
CMV disease becoming evident as petechial bleedings in skin and 
mucosa. In fact, work using a floxed-EGFP recombinant mCMV 
for infection of Tie2-Cre mice showed that essentially all virus 
present in lungs has recombined in endothelial cells to express 
EGFP prior to spread into lung parenchyma [18]. In addition, 
infection-associated pro-inflammatory cytokines could also have 
an influence on the endothelium's integrity and permeability. 
Specifically, activated MC release factors such as tumor necrosis 
factor a (TNFa), histamine, proteases, and chemokines that are 
known to increase vascular permeability at sites of ongoing 
infection [48] . These limitations must be considered whenever the 
otherwise elegant technique of intravascular staining is applied. 

For localizing antiviral T cells more reliably, we ha\'e therefore 
used a combination of direct imaging by 2-color immunohistology 
and an enzyme-linked immunospot (ELISpot) assay for quantitat- 
ing viral epitope-specific MHC class-I H-2''-restricted CDS T cells 
in different compartments (Fig. 2). Endothelial cells were identified 
by black staining of CD31, and T cells by turquoise-green staining 
of CD 3 s (Fig. 2A). Tissue sections were selected to show small 
vessels in longitudinal section and cross-section (Fig. 2A, left and 
right panel, respectively). The left panel of Fig. 2 A reveals 
intravascular T cells attached "head-ahead" to the vessel 
endothelium (in) as well as T cells that have transmigrated into 
the alveolar epithelium (ex). The right panel shows T cells 
undoubtedly localized in the lung interstitium (ex) between a vessel 
and the alveolar epithelium, far away from capillaries. ELISpot 
assays were performed to quantitate effector CDS T cells capable 
of responding with IFNy secretion to stimulation with a set of 
mCMV peptides characterizing the acute CDS T-ceU response to 
mCMV in the C57BL/6 model [49] (Fig. 2B). Relative to all 
CD45^ lymphocytes, viral epitope-specific effector CDS T cells are 
enriched in the lungs compared to blood, indicating their rc-tc-ntion 
in perfused lungs. This finding per se cannot distinguish between 
intravascular cells sticking to capillary endotheha and those that 
have transmigrated into interstitium and epithelia. Retrieval by 
bronchoalveolar lavage (BAL), however, definitely indicated that 
these cells must have emigrated from the vascular compartment to 
extravascular compartments. In accordance with the ELISpot 
data, cytofluorometric analysis of CD45^ leucocytes in the BAL 
revealed a high proportion of CDS T ceUs, out of which about 2% 
were specific for the M57 epitope based on binding of K''-M57 
peptide multimers to the cognate T-cell receptor (TCR) (Fig. 82). 

CMV rapidly activates mast cells in vivo by direct 
infection 

Having recognized the importance of lung tissue infiltration and 
NIF formation for the control of pulmonary mCMV infection by 
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Figure 1. CDS T cells localizing to nodular inflammatory foci (NIF) control pulmonary infection. (A) Infected cells in alveolar epithelium 
and lung-infiltrating T cells co-localize in NIF. Lung tissue sections were taken on day 6 after intravenous infection of WT C57BL/6 mice. 2-color 
immunohistological staining identifies infected cells by black staining of viral intranuclear 1E1 protein and T cells by red staining of CD3s. (a) 
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pulmonary alveoli; (b) pulmonary bronchioles lined with bronchiolar epithelium; (s) alveolar septum. The bar marker represents 10 jj.m. (B) 
Cytofluorometric phenotyping of pulmonary leucocyte subpopulations revealing a high proportion of CD3*CD8* T cells and virtual absence of 
CD335* NK cells. The analysis was performed for a pool of 6 mice on day 6, corresponding to the immunohistological localization study. Shown are 
color-coded density plots with red and blue representing highest and lowest density, respectively. Percentages of main interest are indicated for 
gated areas and quadrants. (SSC) side scatter in the live gate; (FL) fluorescence channel and fluorescence intensity. (C) Infection of lungs and spleen is 
controlled by CDS T cells. C57BL/6 mice were depleted of CDS T cells on the day before infection. Virus titers in homogenates of the indicated organs 
were determined on day 6 post-infection. Dots represent virus titers in individual mice revealing the sample sizes and ranges, with the median values 
indicated. The dotted lines indicate the detection limits. 
doi:1 0.1 371/journal.ppat.l0041 OO.gOOl 
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Figure 2. Activated virus epitope-specific CDS T cells transmigrate from tKie vascular compartment into lung interstitium and 
alveolar epithelium. (A) Localization of CD3* T cells in intravascular (in) and extravascular (ex) compartments of the lungs. Shown are 2-color 
immunohistological images of lung tissue sections taken on day 6 after infection of C57BL/6 mice, with endothelial cells being identified by black 
staining of CD31 and T cells by turquoise-green staining of CD3£. (v) small vessel; (a) pulmonary alveoli; (b) pulmonary bronchiole lined with 
bronchiolar epithelium; (s) alveolar septum; (c) capillary in a thickened alveolar septum. The bar marker represents 25 \irr\. (B) Frequencies of viral 
epitope-specific, IFNy-secreting CDS T cells among CD45* leucocytes in different compartments. CDS T cells recovered by BAL are those that are only 
loosely attached to the epithelial lining of the alveoli or bronchioles and are thus definitely located outside of the lung vasculature. Shown are data 
from ELISpot assays using stimulator cells exogenously-loaded with saturating concentrations of antigenic peptides representing the epitopes 
indicated. Bars represent most probable numbers determined by intercept-free linear regression analysis and error bars represent the 95% 
confidence intervals. 
doi:1 0.1 371/journal.ppat.1 0041 00.g002 
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CDS T cells, along with our previous finding that NIF formation 
requires cognate antigen [20], we got interested in mechanisms of 
CD8 T-cell recruitment into infected tissue sites, with chemokines 
being obvious candidates. Inspired by work of Galkina and 
colleagues, who have implicated CCL5 in the egress of effector 
CD8 T cells from the vasculature- to extra\'asctilar compartments 
of the lungs [27], along with the finding by Orinska and colleagues 
of CCL5 induction in poly LC-stimulated mast cells (MC) 
associated with recruitment of CDS T cells into the peritoneal 
cavity [30], we pursued the idea that MC might play a role in the 
recruitment of protective CDS T cells to the mCMV-inft-cted 
lungs, which is an aspect that has not been considered before in 
CMV research. 

Any proposed contribution of MC to CDS T-cell recruitment 
requires, in the first place, an activation of MC, be it directly by 
infection of MC or indirectly by CAW infection-associated ligands 
derived from infected other cell t^pes but initiating signaling 
pathways activating MC in a paracrine fashion. Though an early 
report has suggested direct infection of bone marrow-derived MC 
(BMMC) in vitro [50] , we were honestiy not able to confirm these 
data with highly pure, macrophage-free populations of BMMC 
infected with a GFP reporter virus mCMV-GFP [38], and viral 
lEl protein was undetectable in BMMC infected with different 
mCMV strains regardless of their expression of the recentiy 
identified gH/gL/MCK-2 glycoprotein complex that is involved 
in cell type-specific entry of mCMV [51] (data not shown). 
However, BMMC difierentiated in cell culture differ in their 
maturation from in vivo MC [32] and this might affect the 
permissivity to infection. We therefore infected C57BL/6 mice 
intraperitoneally with mCMV-GFP and recovered peritoneal 
exudate cells (PEC) at 4 h and 24 h post-infection, times which 
restrict the analysis to "first hit" target cells of mCMV before 
progeny virions can spread. MC amongst the PEC were identified 
cytofluorometrically by their expression of FceRI and CD 117 
(Fig. 3). While, after 4 h, GFP expression did not reveal a distinct 
subpopulation of infected MC, this was clearly the case after 24 h, 
thus demonstrating for the first time that FcsRI^CDl 17^ MC are 
"first hit" targets of mCMV infection in vivo (Fig. 3A). 

We next addressed the decisive question of whether mCMV 
infection of the host activates MC and whether, in that case, MC 
activation is restricted to the actually mCMV-infected MC or 
results from paracrine activation also of uninfected MC by 
cytokines delivered by other infected cell types. Activation of MC 
was monitored by flow cytofluorometric analysis of CDI07a 
expression on CD 11 7""" MC, pre-gated for FceRI expression. 
CD107a, also known as lysosomal-associated membrane protein-I 
(LAMP-1), is exposed on the cell surface specifically upon 
degranulation of MC. A proportion of MC was found to be in 
the process of degranulation in response to mCMV-GFP infection 
in vivo and, most notably, degranulation was clearly restricted to 
GFP-expressing, infected MC (Fig. 3B). This result shows that 
direct infection of MC is essential for MC degranulation to occur, 
and excludes triggering of degranulation of uninfected MC 
through paracrine signals from infected MC or from infected 
other ceU types. 

CMV infection induces a wave of mast cell-derived CC 
chemokine ligand 5 (CCL5/RANTES) in the serum 

As introduced in greater detail above, CCL5 secreted by 
activated MC is a prime candidate for recruiting CDS T ceUs to 
non-lymphoid organ sites of virus replication. We therefore 
analyzed absolute serum levels of CCL5 in immunocompetent 
C57BL/6 mice in response to intravenous infection in a time 
course (Fig. 4) and found peak levels on day 2 post-infection with a 



ca. 5-fold induction compared to pre-infection levels, which is 
quite substantial. It remained, however, the critical question if the 
detected CCL5 is indeed derived from MC, as proposed, or if 
other cell types might actually account for the CCL5 release 
observed. The answer was given by CCL5 levels in the serum of 
MC-deficient j^^jyv-sh/w-sh i^^^-^^.^y Kit"'''' or "sash") mutants 
[35,36,37], whose genetic background is also C57BL/6 for a 
reliable comparison. Baseline levels of serum CCL5 pre-infection 
(day 0) were the same for WT C57BL/6 mice and their congenic 
"sash" mutants, whereas, beyond day 1, CCL5 levels were 
significantiy lower in the MC-deficient mutant, both statistically as 
well as in biologically relevant quantity, until the difference was 
leveled on day 4, though at values still significantiy above the pre- 
infection levels. Notably, in "sash" mutants, post-infection levels 
were also slightiy above the pre-infection levels, ca. 2-fold between 
days 2 and 4. This indicates some CCL5 might come from other 
cell t^pes and account for some CDS T-ceU recruitment also in 
"sash" mutants, but the quantitatively dominant contribution is 
tirat of MC. 

T-cell recruitment to the infected lungs is diminished in 
IVlC-deficient "sash" mutants 

Having established that MC-deficiency curtails mCMV-induced 
serum levels of the T and NK/NKT cell-recruiting chemokine 
CCL5 [27,29,30], we quantitated CD3e"^ T cells in absolute terms 
for comparing infiltration of the lungs on day 6 after intravenous 
infection of WT C57BL/6 mice and MC-deficient "sash" mutants 
(Fig. 5). As already shown in Fig. IB, numbers of infiltrating NKT 
cells, which also express CD 3, are negligible in this infection 
model. At a glance, representative immunohistological low- 
magnification overview images of lung tissue sections with black 
staining of CD3e reveal an apparentiy lower area density of 
stained cells in lungs of the MC-deficient "sash" mutant (Fig. 5A). 
This visual impression is further substantiated and statistically 
validated by counting labeled cells in tissue sections from lungs of 5 
mice per group, extrapolated to absolute numbers of CD3* cells in 
the whole organ (Fig. 5B). With a median value difference of ca. 3 
million CD3^ cells per lung, the reduction of lung infiltration by 
shortness of MC-derived CCL5 is quite substantial in absolute 
terms. From long experience with CDS T-[:ell transfer experiments 
we know that 10-fold differences in the numbers of transferred 
cells are required to cause differences in viral repUcation in lungs 
of recipient mice, but 10-fold more cells transferred result in only 
1.5 -fold differences in the numbers of cells that actually infiltrate 
into lung tissue (J. P., unpublished data), so that the infiltration 
difference observed here between WT C57BL/6 mice and "sash" 
mutants is biologically meaningful. 

Impaired virus-triggered CDS T-cell recruitment in MC- 
deficient mutant mice can be reversed by reconstitution 

of MC 

Previous work performed in the HCT model of mCMV 
infection in immunocompromised BALB/ c recipients has revealed 
a fulminant recruitment of newly reconstituted CDS T cells to the 
lungs, confining viral spread within lung parenchyma and 
ultimately resolving viral replication at this pathogenically relevant 
extralymphoid site [10,11]. Likewise, despite different host 
immunogenetics and immune status, in the current model of 
mCMV infection of immunocompetent C57BL/6 mice, CDS T 
cells also were found to predominate in the pulmonary leucocyte 
population (Fig. IB). Also shown exemplarUy in Fig. IB are the 
gating principles for analyzing leucocyte populations, and, in 
particular, the necessity to exclude CD45 tissue cells from the 
analysis of lung cell preparations. 



PLOS Pathogens | www.plospathogens.org 



6 



April 2014 I Volume 10 | Issue 4 | e1004100 



Mast Cells Expedite the Control of CMV Infection 




B 
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Figure 3. Degranulation of mast cells (MC) is triggered by direct infection in vivo. (A) MC are first-hit target cells of mCMV infection in vivo. 
Peritoneal exudate cells (PEC) were recovered from the peritoneal cavity at 4 h or 24 h after intraperitoneal infection with fluorescent reporter virus 
mCMV-GFP. This timing does not allow completion of the viral infection cycle and thus precludes virus spread to secondary target cells. In the 
cytofluorometric analysis, a gate was set on FccRI*CD117* MC for identification of infected MC expressing the reporter GFP. (B) Selective 
degranulation of infected, GFP* MC. PEC were pre-gated for expression of FceRI and analyzed for the expression of CD117 and the degranulation 
marker CD107a. GFP-expression in FceRI^CDI 17*CD107a* MC identifies degranulating MC as those which are infected. The black-shaded area 
represents cells within the gate of CD107a* MC, the gray-shaded area represents the "reverse gate" of MC not or no longer expressing CD107a. 
Shown are the original data from one mouse as an example. Percentages of degranulating CD107a* MC of n = 4 mice tested individually ranged 
between 9.0% and 24.1% with a mean value of 17.5% and a median value of 18.5%. 
doi:1 0.1 371/journal.ppat.10041 00.g003 



To determine the efTect of MC-deficiency specifically on the 
recruitment of CD8 T cells, we quantitated their proportion 
among all CD45* leucocytes in spleen, blood, and lungs, 
dependend on infection and presence (C57BL/6 mice) or absence 
("sash" mice) of MC (Fig. 6A). Although it appears plausible to 
propose that the "sash" genotype is responsible for an observed 
phenotype, firm evidence for a causative role of MC-deficiency 
demands repair of the deficiency by reconstitution of "sash" 
mutants with WT MC to exclude a role of any unknown and 
unintended eflFect the iQ^-^'^^^-'i' mutation might possibly have 
besides the canonical phenotype of MC-deficiency (Fig. 6A). While 
the proportion of CDS T cells in the spleen of WT C57BL/6 mice, 
"sash" mice, and (BM)MC -reconstituted "sash" mice proved to be 
generally low and not notably influenced by infection and absence 
or presence of MC (Fig. 6A, left panel), the export into the 
circulation (center panel) and the recruitment to the lungs (right 
panel) were strongly induced by the infection, which is in 
accordance with the experience made with HCT models of 
pulmonary mCMV infection [10,1 1]. The appearance of elevated 
numbers of CD8 T cells in the peripheral blood suggests that the 



elevated levels in pulmonary infiltrates mainly result from 
recruitment to the lungs rather than from on-site expansion by 
proliferation within lung interstitium and parenchyma. Levels of 
CD8 T cells in both peripheral blood and lungs after infection 
were found to be diminished in MC-deficient "sash" mutants, 
whereas, importantly, MC reconstitution of "sash" mutants with 
adoptively transferred BMMC derived from WT C57BL/6 mice 
restored the CDS T-cell recruitment to WT levels. It should be 
noted that CD44'^CDS'^ cells showed the same pattern, indicating 
that antigen-experienced 0044"*" rather than naive CD44 CDS 
T cells were recruited (data not shown). 

Among the CDS cells, the CDS T cells preferentially profit 
from the recruitment-function of MC, as can be seen by 
comparing the CD8/CD4 T-cell ratios in different compartments 
after infection of WT C57BL/6 mice and the congenic "sash" 
mutants (Fig. 6B). While the ratios are balanced in the spleen (ca. 
1:1) and only slightiy elevated and marginally segregating between 
WT and mutant (3:1 vs. 2.5:1) in the peripheral blood, ratios are 
highly elevated and significantly different in the lungs, indicating 
that CDS T cells, more than CD4 T cells, are trapped in the lungs. 
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Figure 4. Infection induces a wave of mast cell-derived cKiemokine CCL5/RANTES in vivo. Serum levels of chemokine CCL5 were 
determined in a time course after intravenous infection of MC-sufficient WT C57BL/6 mice compared to congenic MC-deficient Kjj'"'-^'"^-^'' [Kit''^'^''" or 
"sash") mutants. Symbols represent data (mean values of duplicate serum aliquots) from individual mice revealing sample sizes and ranges, w\th the 
median values indicated. P values are given for comparisons of interest, unless the difference is obvious. 
doi:1 0.1 371/journal.ppat.1 0041 00.g004 



In summary, this set of experiments provided firm evidence to 
conclude that the "sash" phenotype of curtailed CD8 T-ceU 
recruitment to the lungs can indeed be attributed to the MC 
deficiency. 

MC do not affect viral epitope-specificity repertoire, 
activation state, and effector function of CDS T cells 
recruited to the lungs upon infection 

The question remained, if, besides the numbers, MC-deficiency 
in any way affects also the functionality of the recruited CD8 T 



cells. Provided that the consequence of MC deficiency is only, or at 
least primarily, a deficient chemokine-mediated recruitment, one 
would not expect an influence on CDS T-cell function on a per 
cell basis. We first compared the hierarchy of viral epitopes 
recognized by lung-infiltrating CDS T cells and found no 
difference between WT C57BL/6 and "sash" mutant mice (Fig. 
S3A). Accordingly, there also was no notable difference in the 
proportion of polyclonal lung-derived CDS T cells, comprising all 
viral epitope-specificities defined for the H-2'' haplotype [52], 
responding with IFNy secretion to the recognition of infected cells 




Figure 5. MC-deficiency is associated with less efficient recruitment of T cells to the infected lungs. Pulmonary infiltrates were analyzed 
6 days after intravenous infection of MC-sufficient WT C57BL/6 and MC-deficient Kit^'^'' mice. (A) Representative immunohistological images show 
pulmonary T cell (with a negligible contribution of NKT cells, see Figure 1 B) infiltrates in situ by black staining of CD3e, comparing lung tissue sections 
from WT C57BL/6 (left panel) and Kif'''' (right panel) mice. Bar markers represent 50 [im. (B) Comparative analysis of absolute quantities of CDBe* 
cells per lung, determined by counting of stained cells in tissue sections extrapolated to the whole organ. Symbols (closed circles: WT C57BL/6; open 
circles: K/t'^"''' mutant) represent data from individual mice revealing sample sizes and ranges, with the median values indicated. 
doi:1 0.1 371/journal.ppat.1 0041 OO.gOOS 
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Figure 6. MC deficiency preferentially attenuates the recruitment of CDS T cells to the lungs and is reversed by MC reconstitution. 

(A) CDS T-cell recruitment by Infection Is curtailed in MC-deflclent mice and reversed by MC reconstitution. Shown are results from cytofluorometric 
analyses (recall Figure 1 B for the gating strategy), compiled from two independent experiments, revealing the Influence of MC on the proportions of 
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CDS T cells relative to all leucocytes in lymphoid (spleen) and non-lymphoid (lungs) compartments as well as in the circulation (peripheral blood) on 
day 6 after intravenous infection. Comparisons were performed in absence or presence of mClVIV infection in IVIC-sufficient WT C57BLy6 mice, IVIC- 
deficient Kif '^'' mice, and (BM)MC-reconstituted Kif"'^'' mice. Symbols represent data from individual mice revealing sample sizes and ranges, with 
the median values indicated. P values are given for comparisons of interest, unless the difference is obvious. (B) CDS T-cell recruitment to the lungs 
suffers preferentially from IVIC deficiency. Shown are results from an independent experiment focusing on differences between the three 
compartments regarding the proportions of CD3* T cells among CD45* leucocytes, of CDS* cells among all T cells, and the CDS/CD4 ratios. Note that 
it is important to calculate CD8/CD4 ratios for each individual separately, as these values are linked in that the individual with the highest percentage 
of CDS T cells is necessarily also the one with the lowest percentage of CD4 T cells, and inverse. 
doi:1 0.1 371 /journal.ppat.1 0041 00.g006 



(Fig. S3B). Note that lower numbers of CD8 T cells recognizing 
infected cells, as compared to numbers specific for the selected 
panel of defined epitopes, results from the viral subversion of 
peptide-MHC-I presentation in infected cells (for more recent 
reviews, see [53,54]). 

We next compared the activation state of all lung-derived CDS 
T cells, as well as that of CDS T cells specific for two 
representative epitopes, M45 and M57 (Fig. S4). With only very 
minor differences, which we do not regard as meaningful, ca. 80% 
of the CDS T cells showed the cell surface phenotype 
CD62L KLRGl* that characterizes short-lived effector cells 
(SLEC) [55,56]. Not unexpectedly for day 6 during acute 
infection, CD62L"'' central memory cells (TCM) are rare in the 
total pulmonary CDS T-cell population and virtually absent in the 
two viral epitope-specific subsets thereof. Intermediate numbers of 
CDS T cells display the phenotype CD62L"KLRG1", a 
population comprised of effector-memory cells (TEM) and early 
effector cells (EEM) [56]. 

The high percentages of CDS T cells with the effector cell 
phenotype of SLEC predicted these cells are cytolytic, which was 
confirmed by viral epitope-specific cytolysis of target cells 
exogenously loaded with saturating concentrations of the corre- 
sponding antigenic peptides (Fig. S5). This is in accordance with 
previous data in the HCT model of mCMV infection in BALB/c 
mice having shown direct ex vivo cytolytic activity of lung- 
infiltrating CDS T cells [10] as opposed to CDS T cells derived 
from lymphoid tissues. Notably, however, MC-sufficient C57BL/6 
mice and MC-deficient "sash" mutants did not differ in this 
respect. 

In conclusion, MC-deficiency does not affect the functionahty of 
lung-infiltrating CDS T cells. 

MC-deficiency is associated with enhanced virus 
replication and delayed clearance of productive infection 
in the lungs that can be reversed by MC reconstitution 

We finally investigated the time course of viral replication in the 
lungs comparing MC-sufficient WT C57BL/6 mice, MC-deficient 
"sash" mutants, and (BM)MC-reconstituted "sash" mice (Fig. 7). 
Not unexpectedly, beginning virus replication in the lungs on day 
1 is not affected by MC-deficiency, as infection of MC takes a day 
(recall Fig. 3) and the peak level of CCL5, thought to precede lung 
infiltration, is reached not until day 2 (recall Fig. 4). Surprisingly, a 
difference observed on day 2 vanishes by day 4 until it returns. 
Conspicuously, early virus control coincides with NK activity, 
before CDS T cells take over [43]. This might indicate MC- 
dependence of also of NK activity, a question to be addressed in 
future work. Viral titers reach a plateau level by day 6 post- 
infection, the time chosen for most of the preceding analyses, 
before they begin to decline between days 10 and 14. At all times 
from day 6 onward, viral replication compared to MC-sufficient 
WT C57BL/6 mice was significantly enhanced in the MC- 
deficient, CCL5-deficient, and CDS T cell-recruitment-deficient 
"sash" mutants. Importantly, in "sash" mice reconstituted for MC 
with BMMC, virus replicated in the lungs with no significant 



difference to the replication in MC-sufficient WT C57BL/6 mice, 
indicating that enhanced virus replication in "sash" mutants can 
indeed be attributed to the consequences of MC deficiency. 

Discussion 

Antigen-dependent activation of MC by crosslinking of specific 
membrane-bound IgE antibodies has been so firmly established as 
the triggering causative event underlying anaphylactic responses 
that it has long been grossly neglected to even think of MC in a 
context beyond the pathophysiology of allergy [57]. 

In searching for physiological MC functions that arc rather 
protective and beneficial for the host, it was noted that tlu' mucosal 
MC - IgE axis is involved in the expulsion of some parasitic 
gastrointestinal helminths in rodents, although it can also 
significantiy contribute to intestincd pathology [5S]. Since MC 
are strategically situated at the boundaries between host and 
environment, it is today more commonly appreciated that MC can 
serve as important sentinels of the immune system in a broader 
context [59] . The change of paradigm began with seminal work on 
acute bacterial infections in which MC were shown to initiate 
rapid and life-saving inflammatory reactions in murine models 
[60,61]. MC can recognize a broad spectrum of exogenous and 
also endogenous ligands which often trigger danger signals in the 
host. Examples for the latter include the neuropeptides substance 
P and neuromedin U, the vasoconstrictory peptide endothelin as 
well as defensins and IL33 [62,63]. 

While a contribution of MC to antibacterial immunity, 
particularly to gram-negative species, has been well documented 
using strains of MC-deficient mice [4S], in vivo evidence for an 
implication of MC as innate immune sensors in the protective 
antiviral immune defense has emerged only recently [64,65,66] in 
studies in which a phenotype of MC-deficient mouse mutants 
could indeed be reversed by MC reconstitution, thereby verifying 
a causative role of MC. 

Specifically, in a mouse model of Dengue virus infection, St. 
John and colleagues [64] noted an increased viral burden in the 
draining popliteal lymph node after intraplantar infection of MC- 
deficient "sash" mice compared to WT mice or "sash" mice 
reconstituted with MC. The authors linked this MC-dependent 
containment of the virus to an MC-driven and likely MC-derived 
chemokine-mediated recruitment of NK1.1*CD3 NK cells and 
more so of NKl.rCD3'^ NKT cells, a subset of which 
coexpressed CDS, into the infected skin. The authors' conclusion 
that NK and NKT cells were consequential to antiviral immunity 
in this model was supported by the observation of enhanced 
infection after depletion of NKl.l"*" cells. However, as MHC class- 
I-restricted virus-specific CDS T cells rapidly acquire NKl. 1 upon 
activation [67,6S], a role for canonical CDS T cells was not 
rigorously excluded. In a mouse model of vaccinia virus infection 
of the skin, Wang and colleagues [65] reported an increased 
susceptibility of MC-deficient "sash" mice that was reversed by 
MC reconstitution. The authors found MC degranulation is 
required for the antiviral contribution of MC and concluded that 
antivirally-active peptides released by MC upon degranulation 
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Figure 7. Enhanced virus replication and delayed clearance of productive infection in the lungs associated with IMC deficiency are 
reversed by MC reconstitution. The time course of viral replication in the lungs after intravenous infection is compared between IVlC-sufficient 
WT C57BLy6 mice (black-filled circles), MC-deficient K\f~^*' mice (open circles), and (BM)MC-reconstituted Kif'^'' mice (gray-filled circles). To increase 
statistical power and for demonstrating reproducibility, data are compiled from 5 independent experiments. Symbols represent data from individual 
mice revealing sample sizes and ranges, with the median values indicated. P values are given for comparisons of most interest. Specifically, stable and 
statistically significant differences between MC-sufficient and MC-deficient mice were established from day 6 onward during the entire remaining 
observation period, whereas virus replication in MC reconstituted Kif'^*' mutants was like in WT C57BLy6 mice at all times tested. 
doi:l 0.1 371/journal.ppat.1 0041 00.g007 



account for the antiviral effect. Recruitment of antiviral NK, 
NKT, or T cells to the site of infection was not investigated in that 
study. In a mouse model of cutaneous herpes simplex virus type-2 
(HSV-2) infection, a virus belonging to the alpha-subfamUiy of the 
herpesviruses, Aoki and colleagues (66) very recently described 
elevated skin infection and increased overall severity of the 
infection in MC-deficient mice. The phenotype was reversed by 
reconstitution with BMMC from WT mice but not with BMMC 
derived from TNF-ko or IL6-ko mice, from which the authors 
concluded that these MC-derived cytokines are critically involved 
in the antiviral contribution made by MC. The virus did not infect 
BMMC and did not directiy induce production of TNFa and IL6 
by BMMC in vitro; rather, IL33 released by infected keratinocytes 
induced the production of these cytokines in the MC without 
inducing degranulation. Notably, MG-deficiency did not curtail 
the recruitment of inflammatory cells to the cutaneous site of 
infection and, in the authors' own interpretation, did not notably 
diminish the CDS T-ccll response to the viral glycoprotein gB. 

So, in summary' of the literature most pertinent to our work, the 
three mouse models discussed above share the cutaneous site of 
infection as well as the finding that virus control is diminished in 
MC-deficient mice and restored by MC-reconstitution, which 
reliably identified a causative role of MC in virus containment 
after local infection. Notably, this was true for members of 
different virus families, including a positive-strand RNA virus and 
two double-stranded DNA viruses, which actually have not much 
in common genetically as well as pathogeneticaUy, so that one 
must propose a more general innate response of MC to virus 
infection. Recruitment of effector cells of the innate or adaptive 
arm of the immune system by MC-derived chemokines, such as 
CCL5/RANTES, to sites of infection could be such a common 
mechanism for the contribution of MC to virus containment. It is a 
shortcoming of previous mouse models of MC involvement in 
antiviral control that virus infection was not studied in the natural 
host, which bears a risk of investigating virus-host interactions that 
are not balanced by evolutionary co-speciation and mutual 
adaptation. This gives a distinctive advantage to the model of 



the highly species-specific murine CMV, a member of the beta- 
subfamUy of the herpesviruses, in its natural host [69]. In addition, 
studying the role of MC in controlling pulmonary infection 
addresses the most relevant clinical manifestation of CMV disease, 
namely interstitial pneumonia, so that the results can make a 
prediction for translational validation in clinical settings. 

In accordance with the three models discussed above, mCMV 
infection of the natural host also revealed an MC-dependent 
control of infection that, accordingly, was curtailed in MC- 
deficient mice and restored by MC reconstitution. Thus, there is 
no doubt of a causative role of MC instead of other c-Kit related 
mechanisms of immunomodulation [70]. The new finding here is 
that such a role for MC is not r(;stricted to cutaneous sites rich in 
skin-resident MC but applies also to the lungs in the course of a 
systemic infection. As we have shown here, virus replication at an 
advanced stage of pulmonary infection of C57BL/6 mice is 
controlled by antiviral effector CD8 T cells forming protective 
nodular inflammatori foci to sequest(;r infected lung cells and 
prevent virus spread within alveolar epithelium, whereas a 
contribution of Ly49H^ NK cells activated by the virus-encoded 
hgand ml57 is limited to earlier stages. In this context, it is 
important that MC-deficiency was found here to be associated 
with reduced virus-induced serum levels of chemokine CCL5 and 
diminished recruitment of T lymphocytes, in particular of CD8 T 
cells, to the infected lungs with consequent enhancement of viral 
replication. MC-deficiency, however, though it significantiy 
reduced the quantity of lung-infiltrating CDS T cells to a 
histologically obvious degree, did not abolish virus-induced CDS 
T-cell infiltration and antiviral control. The explanation for this 
may come from our observation of moderately but more stably 
elevated serum levels of the CD8 T cell-recruiting chemokine 
CCL5 also in infected MC-deficient "sash" mutants when 
compared to the pre-infection levels that were found to be 
identical for WT C57BL/6 mice and the congenic "sash" 
mutants. This suggests the existence of additional other cellular 
sources of CCL5. Yet, a strong early wave of CCL5 proved to be 
MC-derived and is likely important for the kick-start of an efficient 
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CDS T-cell infiltration and consequendy reduced peak viral load 
and accelerated clearance of the productive infection of the lungs. 
Notably, even in MC-sufficient WT C57BL/6 mice, NK cells were 
virtually absent in infected lungs and NKT cells were not 
prominent either. In this respect, the mCMV model appears to 
differ markedly from the model of cutaneous Dengue virus 
infection [64], where MC-mediated recruitment of NK cells and 
NKT cells correlated with antiviral control. 

The question remained how virus, directly or indirectly, 
activates MC, a problem where we learned from errors. 
Reminiscent to the observation by Aoki and colleagues [66] that 
HSV-2 does not infect cell culture-propagated BMMC in vitro and 
also fails to induce degranulation or activate cytokine production, 
we could not detect expression of viral proteins or fluorescent GFP 
in BMMC incubated with mCMV or mCMV-GFP reporter virus, 
respectively, and BMMC also were not activated for degranulation 
(negative data not shown). We thus concluded, falsely as we know 
now, that MC are resistant to mCMV infection like they are 
seemingly resistant to HSV-2. Important in this context are 
findings by Matsushima and colleagues [32] who showed TLR- 
mediated production of cytokines and chemokines from ex vivo 
skin-derived MC but not from BMMC, indicating that BMMC 
may not be an always reliable source for drawing general 
conclusions on MC functions. In fact, as we show here with 
reporter virus mCMV-GFP, intraperitoneal infection of mice 
infects FcsRrCDll?"^ MC in vivo. Most importandy, MC 
degranulation, as indicated by expression of CD 107a, was stricdy 
limited to GFP-expressing, infected MC. These data identified 
MC as a first-hit target cell-type for mCMV infection in vivo and 
also revealed that infection of MC by mCMV is required for 
triggering MC degranulation in vivo. If direct infection is also 
sufficient for MC degranulation or requires MC-conditioning 
cytokine(s) from third-party cells as co-factor(s), and which 
signaling pathways in MC are activated by mCMV, are exciting 
questions that await further investigation. 

In conclusion, these data have revealed an hitherto unconsid- 
ered role of MC in recruiting antiviral CD8 T cells more efficiendy 
to a relevant organ site of CMV disease, and thus predict that MC 
supplementation in recipients of hematopoietic (stem) cell trans- 
plantation could improve control of a primary or reactivated 
CMV infection for prevention of CMV pneumonia and, 
presumably, also of other organ manifestations of CMV disease. 

Materials and Methods 

Mice 

Genetically MC-deficient ^{('^''''^^'''' (briefly Kit^'''') "sash" 
mice [35,36,37] and C,'i7BL/6 mice as congenic WT controls 
were bred and housed under specified pathogen-free conditions at 
the Central Laboratory Animal Facility (CLAF) at the University 
Medical Center of the Johannes Gutenberg-University, Mainz, 
Germany. 

Ethics Statement 

Animal research protocols were approved by the ethics 
committee of the Landesuntersuchungsamt Rheinland-Pfalz, 
permission no. 23 177-07/G09-1-004, according to German 
Federal Law §8 Abs. 1 TierSchG (animal protection law). 

Peptides 

Custom peptide synthesis to a purity of >80% was performed 
by JPT Peptide Technologies (Berlin, Germany). Synthetic 
mCMV-peptides M38 (SSPPMFRVP), M45 (HGIRNASFI), 
M57 (SCLEFWQRV), ml 39 (TVYGFCLL), and ml 41 



(VIDAFSRL) were used for exogenous loading of target cells in 
the ELISpot assay and in the cytolytic assay. 

Procedures of infection 

(i) Infection of mice. Intravenous infection of 8- to 20-week-old 
Mt^-''' or C57BL/6 mice (both haplotype H-2'^ was performed at 
the tail vein with 10'' PFU/500 ^1 PBS per mouse of cell culture- 
purified, bacterial artificial chromosome (BAC)-derived mCMV 
MW97.0 1 [71], here briefly referred to as mCMV, or mutant virus 
mCMV-Aml57 lacking the Kgand of the activatory NK cell 
receptor Ly49H [45]. For the measurement of MC degranulation 
in vivo (see below), mice were infected intraperitoneally with 10^ 
PFU/100 lol PBS of reporter virus mCMV-GFP [38]. (ii) Infection 
of cells. C57BL/6-derived mouse embryo fibroblasts (MEF) were 
prepared as described previously, and were centrifugally infected 
with 0.2 PFU per cell, which results in an MOI of 4 [72]. Before 
use as stimulator cells in the ELISpot assay (see below), infected 
MEF were incubated for another 60 min. 

Quantitation of cfiemol<ine CCL5/RANTES 

To measure serum levels of CCL5/RANTES, mice were 
infected intravenously with 10® PFU of mCMV. Blood was 
collected from the tail vein pre-infection (dO) or on days 1, 2, 3, 
and 4 post-infection in BD Microtainer tubes (catalog no. 965951, 
BD Biosciences, Heidelberg, Germany). Sera were purified 
according to the supplier's instruction. CCL5/RANTES levels 
for individual mice were determined in duplicates of 50 |il of non- 
diluted sera with the Mouse RANTES Instant ELISA (catalog 
no. BMS6009INST, eBioscience, Frankfurt, Germany), according 
to the manufacturer's instructions. 

Quantitation of infection in liost tissues and CDS T-cell 
depletion 

Virus replication in lungs, spleen, and salivary glands was 
assessed by quantification of infectious virus as plaque-forming 
units (PFU) present in the respective organ homogenates by using 
virus plaque assay on subconfluent second-passage MEF mono- 
layers with the technique of centrifugal enhancement of infectivity, 
as described in greater detail elsewhere [72]. For determining the 
role of CD8 T cells in the control of infection, virus titers were 
determined in organs of mice depleted of CDS T cells on day -1 
prior to infection by intravenous administration of monoclonal 
antibody YTS169.4 as described previously [15,73,74]. 

Generation of BiVlMC and reconstitution of MC-deficient 
mice 

Bone marrow (BM)-derived mast cells (BMMC) from WT 
C57BL/ 6 mice were generated by using standard procedures [75] . 
In brief, BM cells were cultivated in IMDM, supplemented with 

10% FCS (inactivated at 56°C), 2 mM L-glutamine, 1 mM 
pyruvate, 5xlO"-'M 2-ME, 100 U/ml penicillin, 100 |.ig/ml 
streptomycin, 20 U/ml mIL-3, 200 ng/ml SCF and 50 U/ml 
mIL-4. Nonadherent cells were transferred to fresh culture plates 
every 2-3 days to remove adherent macrophages and fibroblasts. 
After 4 weeks of culture, the resulting BMMC population had 
reached a purity of more than 99% and was used for MC 
reconstitution of MC-deficient Kit^'''' mice. To this end, BMMC 
were washed twice in PBS, and 5 x 10*" MC/200 nl PBS per mouse 
were injected intravenously. Experiments were conducted 16 
weeks later. We and others have repeatedly shown that this 
protocol leads to the development of normal MC numbers in most 
organs, specifically also in the lungs. [36,37,76,77]. 
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Preparation of leucocytes 

Pulmonan' mononuclear cells were isolated essentially as 
described previously ([10,72] and references therein) with minor 
modification. In brief, mice were lethally anesthetized by carbon 
dioxide inhalation. The lungs were perfused via the right ventricle 
and excised. Tracheae, bronchi, and pulmonary lymph nodes 
were discarded and the lung lobes were minced. Digestion of tissue 
from 3—5 lungs was performed in 1 5 ml of supplemented DMEM, 
containing coUagenase A (1.6 mg/ml; catalog no. 10 103 586 001, 
Roche, Mannheim, Germany) and DNase I (50 |J,g/ml; catalog 
no. DN-25, Sigma-Aldrich, Steinheim, Germany), for 1 h at 37°C 
with constant stirring. Mononuclear cells were enriched by density 
gradient centrifugation for 30 min at 760 on Lymphocyte 
Separation Medium 1077 (catalog no.J15-004, PAA, Colbe, 
Germany). Leucocytes from the spleen were prepared according to 
standard protocols. Blood leucxjcytes were isolated by mixing the 
blood samples with PBS containing 30 mM EDTA to prevent 
coagulation. Erythrocytes were lysed with hypotonic ACK buffer 
(catalog no. A 10492-01, life technologies, Darmstadt, Germany) 
according to manufacturer's instructions. Bronchoalveolar lavage 
(BAL) was performed and BAL leucocytes were isolated as 
described in detail by Maxeiner and colleagues [78]. Erythrocytes 
in the BAL cell pellet were lysed by using Red Blood Cell Lysing 
Buffer (catalog no. R7757, Sigma-Aldrich) according to the 
manufacturer's instructions. 

Cell surface phenotype analyses of leucocyte populations 

Cytofluorometric analyses were performed with flow cytometer 
FC500 and CXP analysis software V2.2 (Beckman Coulter, 
Krefeld, Germany). Single cell suspensions were prepared from 
organs or peripheral blood (see above), unspecific staining was 
blocked with unconjugated anti-FcYRII/III, and ceUs were stained 
in multi-color combinations with the following antibodies for 
cytofluorometric analyses of leucocyte subpopulations: FITC- 
conjugated anti-CD3s (clone 145-2C11; Beckman Coulter; FL-1), 
PE-conjugated anti-CD4 (clone GK1.5; eBioscience; FL-2), PE- 
CF594-conjugated anti-CD8a (clone 53-6.7; BD Biosciences; FL- 
3), APC-conjugated and CD19 (clone 1D3; eBioscience; FL-4), 
PE-Cy7-conjugated anti-CD45 (clone 30-Fll; eBioscience; FL-5). 
and PE-conjugated anti-CD335 (alternative designation: NKp46, 
clone 29A1.4; eBioscience; FL-2). 

For quantitating M57 epitope-specific CDS T ceUs in BAL (see 
above), unspecific staining was blocked as described above and 
specific staining was performed with PE-Cy7-conjugated anti- 
CD45 (see above; FL-5), FITC-conjugated anti-CD8a (clone 53- 
6.7; BD Biosciences; FL-1), and PE-conjugated MHC-peptide 
Dextramer H-2Kb-M57 (SCLEFWQRV) [10 ixl per 10^ ceUs; 
code no. JD3446-PE, Immudex, Copenhagen, Denmark; FL-2) 
for detecting cells carrying an M57-specific T ceU receptor (M57- 
TCR). 

For determining the activation state of all as well as of viral 
epitope-specific CD8 T cells, staining was performed with FITC- 
conjugated anti-CD8a (clone 53-6.7; BD Biosciences; FL-1), PE- 
conjugated anti-KLRGl (clone 2F1; eBioscience; FL-2), PE-Cy7- 
conjugated anti-CD62L (clone MEL-14; Beckman Coulter; FL-5) 
and APC-i:onjugated MHC-peptide Dextramer H-2Db-M45 
(HGIRNASFI) [10|xl per 10^ cells; code no. JA3445-APC, 
Immudex, FL-4] or APC-conjugated MHC-peptide Dextramer 
H-2Kb-M57 (SCLEFWQRV) [10 nl per 10*^ ceUs; code 
no. JD3446-APC, Immudex; FL-4]. Control staining for an 
unrelated ovalbumin peptide-specific TCR (Control-TCR) was 
performed with APC-conjugated MHC-peptide Dextramer H- 
2Kb-SIINFEKL (10)0,1 per lO'' cells; code no. JD2163-APC, 
Immudex; FL-4). 



Measurement of MC activation in vivo 

At 4 or 24 hours after intraperitoneal infection with mCMV- 
GFP [38], mice were sacrificed by cervical dislocation, and 
peritoneal lavage was performed with 10 ml of ice-cold PBS. 
Unspecific staining was blocked with unconjugated anti-FcyRII/ 
III, and PEC were stained with the foUowing antibodies for 
cytofluorometric analysis: AlexaFluor780-conjugated anti-CD117 
(clone ACK2, eBioscience) and PE-Cy7-conjugated anti-FceRI 
(clone MAR-1; BioLegend, San Diego, CA, USA) and, in assays of 
degranulation, also with AlexaFluor647-conjugated anti-CD 107a 
(clone 1D4B; eBioscience). Analyses were performed with an 
LSRII flow cytometer (BD Biosciences) and BD FACSDiva 
software V6.1.3. 

ELISpot assays 

Frequencies of virus-specific CDS T cells were determined by 
IFNy-based ELISpot assays as described ([79,80], and references 
therein). In brief, graded numbers of effector ceUs were sensitized 
for IFNy secretion in triplicate assay cultures with antigen 
presenting stimulator cells. For quantitating virus epitope-specific 
effector cells, CD8 T cells were incubated with EL-4 (H-2'') 
lymphoma ceUs as stimulator ceUs exogenously loaded with 
synthetic antigenic peptides at saturating concentrations. Numbers 
of virus-specific CDS T cells capable of recognizing infected cells 
were quantitated using mCMV-infected MEF (see above) as 
stimulator cells presenting naturally-processed antigenic viral 
peptides. Frequencies of IFNy-secreting, spot-forming ceUs and 
the corresponding 95% confidence intervals were calculated by 
intercept-free linear regression analysis. Spots were counted 
automatically based on standardized criteria using Immunospot 
S4 Pro Analyzer (CTL, Shaker Hights, OH, USA) and CTL- 
Immunospot software V5.1.36. 

Cytolysis assay 

Cytolytic activity of immunomagnetically-purified pulmonary 
CD8 T cells was tested in a standard 4 h ['''Cr] -release assay 
performed with 1000 [^'Cr] -labeled target ceUs per assay culture 
at the E:T ratios indicated. Target ceUs were EL-4 (H-2'') 
lymphoma cells exogenously loaded with synthetic mCMV 
peptides at optimized concentrations. For each E:T ratio, the 
"low controls" of ['''Cr] -release were determined with EL-4 cells 
not loaded with antigenic peptide. Data thus represent the 
percentage of epitope-specific lysis and are given as the mean 
value for triplicate cultures. 

Immunohistological analyses 

Pulmonary T ceU-infiltrates in situ were visualized by black 
staining of ceUs expressing CD38 in 2-Jim lung tissue sections using 
the peroxidase-diaminobenzidine (DAB)-nickel method described 
in great detafl previously [81]. For determining absolute numbers 
of CD38''" cells per lung, numbers counted for representative 10- 
mm^ areas of sections were extrapolated to the whole lung using 
the multiplication factor V/vxd/D with F= volume of a paraffin- 
embedded lung (0.135 cm'), » = volume of counted section area 
(10 mm^xO.002 mm), rf= thickness of section (0.002 mm), and 
£) = diameter of a T cell (0.01 mm) [11]. 

Two-i:olor contextual immunohistological detection of CD3e^ T 
cells (red staining) and infected ceUs expressing the intranuclear viral 
protein lEl (black staining) was performed essentially as described 
by us in a methods book contribution [81], except that colors are 
inverted by using ABC-peroxidase DAB-nickel staining for lEl and 
an indirect staining of CD3s, using alkaline phosphatase (AP)- 
conjugated anti-rat IgG and Fuchsin as substrate. 
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Two-color immunohistological localization of CD3I/PECAM- 
1"*" endothelial cells and CDS"^ T cells was started with a rat 
monoclonal antibody directed against murine CD31 (clone SZ31; 
catalog no. DIA-310), DIANOVA, Hamburg, Germany) as the 
first antibody, followed by biotin-conjugated polyclonal anti-rat Ig 
antibody (catalog, no. .554014, BD Biosciences) and the peroxi- 
dase-coupled avidin biotin complex (Vectastain Elite ABC Kit, 
catalog, no. PK-6100, Vector Laboratories, Peterborough, UK). 
As substrate, 3,3'-diaminobenzidine tetrahydrochloride (catalog 
no. D-5637, Sigma-Aldrich) was used, followed by color-enhance- 
ment with ammonium-nickelsulphate-hexahydrate (catalog, 
no. 09885, Sigma-Aldrich) for black staining of the endothelial 
cells. In a second round, CD3^ T cells were labeled with a rat 
monoclonal antibody directed against CD3e (clone CDS- 12; 
catalog, no. SM1754P, acris antibodies, Hiddenhausen, Ger- 
many), followed by the biotin-conjugated antibody and the 
peroxidase-coupled avidin biotin complex as above. To prevent 
cross-binding of the secondary antibody in the second round to 
cells stained already in the first round, digestion with trypsin was 
included in between both rounds. Finally, turquoise-green staining 
of CDS'*" cells was achieved by using the HRP-Green Solution Set 
(catalog no. S-99055-103, 42 life sciences, Bremerhafen, Ger- 
many). Throughout, light counterstaining was performed with 
hematoxylin. 

Statistical analysis 

In assays for which data are known to be normally (cell numbers 
and percentages, chemokine concentrations) or log-normally (virus 
titers) distributed, P values were calculated for the linear or the log- 
transformed data sets, respectively, by unpaired two-tailed 
Student's t test with Welch's correction not assuming equal 
variance. Differences are considered significant if P<0.05 and 
highly significant if PO.Ol. 

Supporting Information 

Figure SI Ly49H* NK cells stimulated by viral ligand 
ml37 are not involved in the control of pulmonary 
infection at a later stage. C57BL/6 mice were infected either 
with WT virus or with mutant virus mCMV-Aml57 lacking the 
viral gene ml 57 that encodes a potent ligand of the activatory NK 
cell receptor Ly49H. Virus titers in the indicated organs were 
determined on day 1 4 post-infection. Dots represent virus titers in 
individual mice revealing the sample sizes and ranges, with the 
median values indicated. The dotted lines indicate the detection 
limits. 
(TIF) 

Figure S2 Cytofluorometric quantitation of viral epi- 
tope-specific CDS T cells recovered by BAL. Correspond- 
ing to the data shown in Figure 2, leucocytes retrieved by BAL 
were analyzed cytofluorometrically. A gate was set on 
CD45 CD8 T cells, and within this population, cells carrying a 
TCR specific for the M57 epitope (M57-TCR) were identified by 
binding of fluorochrome-conjugated peptide-MHC class-I 
(SCLEFWQRV-H-2K'') multimer. Shown are color-coded density 
plots with red and blue representing highest and lowest density, 
respectively. (FL) fluorescence channel and fluorescence intensity. 
Percentages of main interest are indicated for gated areas. 
(TIF) 
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Figure S3 MG deficiency has no influence on the viral 
epitope hierarchy of the CDS T-cell response in the lungs 
nor on recognition of infected cells. MC-sufficient WT 

C57BL/6 (black bars) and MC-deficient Kit^ * (open bars) mice 
were infected intravenously. On day 6 post-infection, immuno- 
magnetically-purified CDS T lymphocytes derived from the lungs 
of 6 mice per group were used as responder cells in IFNy-based 
ELISpot assays. (A) Hierarchy of viral epitopes recognized by 
pulmonary CDS T cells. EL-4 stimulator cells were exogenously 
loaded with synthetic peptides representing the indicated MHC-I- 
presented epitopes. (0) stimulator cells with no peptide added. (B) 
Recognition of infected cells (MEF) presenting naturally-processed 
viral peptides despite the expression of viral immune evasion 
genes, (n.i.) uninfected MEF. Throughout, frequencies of respond- 
ing, IFNy-secreting cells were determined by intercept-free linear 
regression analysis. Bars represent most probable numbers, and 
error bars indicate 95% confidence intervals. 
(TIF) 

Figure S4 MC deficiency does not notably alter the 
activation phenotype of pulmonary CDS T cells. MC- 

sufiicient WT C57BL/6 (left panels) and MC-deficient Kit^-''' 
(right panels) mice were infected intravenously. Multi-color 
cytofluorometric analyses were performed on day 6 post-infection 
for lung infiltrate cells pooled from 6 mice per group and pre-gated 
on CDS^ ceUs (for the gating strategy, recall Fig. IB). Shown are 
color-coded density plots with red and blue representing highest 
and lowest density, respectively. The analyzed cell surface markers 
are indicated. Viral epitope-specific CDS T cells were identified 
with TCR-specific peptide-MHC class-I multimers, specifically 
with M45-D'' and M57-K'' Dextramers. (FL) fluorescence channel 
and fluorescence intensity. Percentages of main interest are 
indicated for gated areas and quadrants. 
(TIF) 

Figure S5 MC deficiency does not alter the ex vivo 
cytolytic activity of pulmonary CDS T cells. Immunomag- 
netically-purified CDS T cells from infected MC-sufficient WT 

C57BL/6 and MC-deficient Ai/'^'* mice were derived from the 
experiment described in Figure S3, so that the different effector 
functions can be directly compared. Hert;, tli(- CDS T c(41s were 
analyzed ex vivo for their cytolytic effector function with no 
preceding expansion in cell culture. Viral epitope-specific cytolysis 
was assayed at graded eflfector-to-target (E:T) cell ratios with EL-4 
lymphoma cells as target cells pulsed with saturating concentra- 
tions of synthetic peptides corresponding to the viral epitopes 
indicated. 
(TIF) 
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